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BACKGROUND: Polychlorinated biphenyls (PCBs) are environmental toxicants; PCB exposure has been associated with adverse effects on wildlife and
humans. However, the mechanisms underlying these adverse effects are not fully understood. The steroid and xenobiotic receptor [SXR; also known
as the pregnane X receptor (PXR) and formally known as NR1I2] is a nuclear hormone receptor that regulates inducible metabolism of drugs and
xenobiotics and is activated or inhibited by various PCB congeners.

OBJECTIVES: The aim of this study was to investigate the effects of exposure to PCB-153, the most prevalent PCB congener in human tissues, on
SXR knockout mice (SXRKO) and to elucidate the role of SXR in PCB-153 metabolism and promotion of its harmful effects.

METHODS: Wild-type (WT) and SXRKO mice were chronically or perinatally exposed to a low dose (54 lg=kg=d) of PCB-153. Blood, livers, and
spleens were analyzed using transcriptome sequencing (RNA-seq) and molecular techniques to investigate the impacts of exposure on metabolism,
oxidative stress, and hematological parameters.

RESULTS: SXRKO mice perinatally exposed to PCB-153 displayed elevated oxidative stress, symptoms of hemolytic anemia, and premature death.
Transcriptomal analysis revealed that expression of genes involved in metabolic processes was altered in SXRKO mice. Elevated levels of the PCB-153
metabolite, 3-OH-PCB-153, were found in exposed SXRKO mice compared to exposed WT mice. Blood hemoglobin (HGB) levels were lower throughout
the lifespan, and the occurrence of intestinal tumors was larger in SXRKO mice chronically exposed to PCB-153 compared to vehicle and WT controls.

DISCUSSION: Our results suggest that altered metabolism induced by SXR loss of function resulted in the accumulation of hydroxylated metabolites
upon exposure to PCB-153, leading to oxidative stress, hemolytic anemia, and tumor development in a mouse model. These results support a major
role for SXR/PXR in protection against xenobiotic-induced oxidative stress by maintaining proper metabolism in response to PCB-153 exposure.
This role of SXR could be generally applicable to other environmental toxicants as well as pharmaceutical drugs. https://doi.org/10.1289/EHP6262

Introduction
Polychlorinated biphenyls (PCBs) are a class of environmental
contaminants formerly widely used in industrial products, includ-
ing plastics, adhesives, and electrical equipment (U.S. EPA 2015).
Continued production of these chemicals was banned in the late
1970s due to evidence of harmful effects of exposure on human
health (U.S. EPA 1979). These effects ranged from acute to devel-
opmental and included immunological responses (Weisglas-
Kuperus et al. 1995, 2004), neurological abnormalities (Jacobson
et al. 1990; Verner et al. 2015), and an increased risk for multiple
types of cancer (Brody et al. 2007; Spinelli et al. 2007). Despite the
ban on their production, PCBs are still found in the environment
due to their high chemical stability (U.S. EPA 2015). Many PCB
congeners are also resistant to biological degradation, which leads
to bioaccumulation in animals (Muir et al. 1988; Rasmussen et al.
1990) and humans (Norström et al. 2010). The highest levels of
human exposure to PCBs resulted from dietary consumption of
contaminated food, mainly fish and poultry, and inhalation of con-
taminated air and house dust (Ampleman et al. 2015; Faroon et al.
2003; Norström et al. 2010).

PCBs were detected at high levels (between 0:5–4 mg=kg fat)
in human breast milk, raising additional concerns about potential
effects of exposure during development (DeKoning and Karmaus
2000; Faroon et al. 2003; Safe 1994). Associations were observed
between prenatal and perinatal PCB exposure and reduced body
weight (BW) (Chou et al. 1979; Fein et al. 1984; Jacobson et al.
1990b), immunological disruptions (Arena et al. 2003; Weisglas-
Kuperus et al. 2004), and neurological abnormalities (Curran et al.
2011; Jacobson et al. 1990a, 1990b) that can lead to physiological
and cognitive consequences later in life in both animals and
humans. Their continued presence in humans (Ampleman et al.
2015; �Cechová et al. 2017; Pirard et al. 2018; van den Berg et al.
2017), food sources (Barone et al. 2019; Bhavsar et al. 2007;
Lüth et al. 2018), and indoor and outdoor air (Ampleman et al.
2015) indicates that PCBs are a still a current and persistent risk
to the environment and future generations.

The mechanisms through which PCBs contribute to acute and
lifelong effects following developmental exposure remain poorly
understood. There are 209 PCB congeners that differ in the number
and location of chlorine substituents. PCBs are often characterized
into two groups based on similarity to 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD, colloquially called dioxin), a known carcinogen.
Like TCDD, dioxin-like PCBs (DL-PCBs) activate the aryl hydro-
carbon receptor (AhR), which underlies many of their adverse
health effects (Kafafi et al. 1993; Okey et al. 1994; Safe et al. 1985).
Nondioxin-like PCBs (NDL-PCBs), which do not activate the AhR,
also induce adverse effects in vitro (Ferrante et al. 2011; Hamers
et al. 2011) and in animal exposure studies (Elnar et al. 2012; Haave
et al. 2011; Strathmann et al. 2006). In addition, exposure to NDL-
PCBs has been associated with harmful effects, such as cancers, in
exposed humans (Engel et al. 2007; Spinelli et al. 2007). However,
the underlying mechanisms for the adverse effects of NDL-PCBs
remain largely uncharacterized, with most studies utilizing rodent
models (Gaspar-Ramírez et al. 2015; Hamers et al. 2011; Lu et al.
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2004; Strathmann et al. 2006). Determining the mode of action of
NDL-PCBs is important for treatment of exposed individuals and to
understand the action of alternative chemicals with similar struc-
tures [e.g., polybrominated biphenyls (PBBs) and polybrominated
diphenyl ethers (PBDEs)] that may act through the same pathways
and induce similar adverse effects.

Some NDL-PCBs have been demonstrated to interfere with
estrogen and androgen signaling in CHO and MCF7 cells
(Bonefeld-Jørgensen et al. 2001) and alter thyroid signaling in
rodents (Giera et al. 2011; Ness et al. 1993). This could possibly
explain some of the adverse reproductive consequences observed
in animals exposed to NDL-PCB congeners or mixtures (Hsu et al.
2007). However, the mechanisms underlying the ability of these
chemicals to induce tumor progression, alter immune processes,
and increase risk for various cancers in exposed individuals are still
not fully understood. It has been proposed that oxidative stress eli-
cited by PCBs and PCBmetabolites may be a contributing factor in
their observed carcinogenicity (Oakley et al. 1996). The steroid
and xenobiotic receptor (SXR), also known as the pregnane X re-
ceptor (PXR) and formally known as NR1I2, is a nuclear hormone
receptor expressed at high levels in the liver and intestine and at
lower but detectable levels in most other tissues (Blumberg et al.
1998; Miki et al. 2005). When it is activated by ligands (drugs
and endobiotic and xenobiotic chemicals), SXR/PXR up-regulates
expression of genes encoding enzymes involved in all three phases
of xenobiotic metabolism: phase I enzymes such as cytochrome
P450 (CYPs), phase II conjugating enzymes such as glutathione
S-transferase (GST), and phase III drug transporters (Blumberg
et al. 1998; Geick et al. 2001; Xie et al. 2000b). Predictably, SXR
knockout (SXRKO)mice displayed defects in inducible xenobiotic
metabolism, making them hypersensitive to the effects of certain
xenobiotics (Wei et al. 2002; Xie et al. 2000a). Some NDL-PCBs
have been demonstrated to both activate and inhibit SXR and sub-
sequently affect its activity in in vitro studies (Al-Salman and Plant
2012; Gährs et al. 2013; Hurst and Waxman 2005; Tabb et al.
2004; Zhang et al. 2008). However, relatively little is known about
the role of SXR in NDL-PCBmetabolism or mechanisms of action
in vivo.

PCB-153 (2,20,4,40,5,50-hexachlorobiphenyl) is a highly chlori-
nated NDL-PCB that was reported to be the most prevalent conge-
ner found in human tissue and breast milk (Safe 1994) and in
contaminated fish (Looser and Ballschmiter 1998; Lüth et al. 2018).
PCB-153 was also shown to increase tumor incidence in rodents
(Strathmann et al. 2006) and was associated with an increased risk
for non-Hodgkin’s lymphoma (Engel et al. 2007; Spinelli et al.
2007) and other cancers (Brody et al. 2007; Hardell et al. 2006;
Strathmann et al. 2006) in exposed humans. PCB-153 was reported
to be the most potent NDL-PCB congener on SXR induction of tar-
get genes in some human cell lines (Al-Salman and Plant 2012) and
rat hepatocytes (Gährs et al. 2013). The current study aimed to
investigate the effects of exposure to PCB-153 in mice lacking
SXR/PXR and to assess the role of this receptor in modulating the
toxic effects of PCB-153 in vivo.

Methods

Animal Maintenance
Wild-type (WT), SXRKO, and humanized SXR knock-in (hSXRki)
mice were maintained and housed at the University of California,
Irvine (UCI). C57BL/6J WT mice were purchased from Jackson
Labs and maintained in our lab for at least five generations before
being used for experiments. SXRKOmice were descendants from a
colony of SXRKO (129SVEV) mice from the Salk Institute (a gift
of Professor Ron Evans) and were backcrossed onto the C57BL/6J
background for six generations to obtain SXRKO mice with an

essentially pure C57BL/6J background. hSXRki mice were de-
scendants from a colony of hSXRkimice (C57BL/6 CrSlc) from the
National Institute of Health Sciences, Japan (a gift from Professor
Jun Kanno) (Igarashi et al. 2012) and were backcrossed onto the
C57BL/6J background for six generations. Mice were housed in
microisolator cages at four to five mice per cage in a temperature-
controlled room (23–25�C) with a 12-h light/dark cycle. Water and
food (5P14 ProLab RMH 2500; LabDiet) were provided ad libitum.
Animals were treated humanely, and all procedures were approved
by the InstitutionalAnimal Care andUseCommittee ofUCI.

PCB-153 Exposure
PCB-153 was purchased from ChemService Inc. Stock solutions
were prepared at 20mM in dimethylsulfoxide (DMSO). Stocks
were further diluted in DMSO to 1mM concentration and stored at
−80�C until use. Chemical exposure was administered via the
drinking water. Mice received 1 lM PCB-153 or vehicle (0.1%
DMSO) in 0.5% carboxymethylcellulose prepared in autoclaved
tap water. Water containing PCB-153 or vehicle was replaced
twice weekly. WT and SXRKO females (8–10 wk old) were ran-
domly assigned to exposure groups (DMSO or PCB-153). In a sep-
arate experiment, SXRKO and hSXRki females (8–18 wk old)
were randomly assigned to exposure groups (DMSO or PCB-153).
For all studies, females were exposed 3 d prior to breeding; expo-
sure was removed for mating. Exposed females were bred with
unexposed males of the same genotype (1 male to 1 female). PCB-
153 or vehicle exposure was resumed for the females following 3 d
of mating and then continued throughout pregnancy and lactation.
Breeding efficiencies and pup numbers are listed in Table S1. Male
offspring were toe clipped with a unique code at 7 d old in order to
track possible effects related to the litter and to monitor each indi-
vidual mouse through multiple time points. Male offspring were
then weaned at 21 d with four to five pups per cage, each mouse
coming from a different litter to prevent cage effects. The male off-
spring continued on the exposure they received perinatally via
drinking water until euthanasia at 4 wk of age for perinatal expo-
sure study or 10 months/45 wk of age for chronic exposure study
(Figure 1A). Two independent perinatal exposure studies were
conducted with WT (n=18 total F0 femalemice) and SXRKO
(n=13 total F0 femalemice). Two independent chronic exposure
studies were conducted with WT (n=20 total F0 femalemice)
and SXRKO (n=19 total F0 femalemice), and a third chronic ex-
posure study was conducted with hSXRki (n=16 F0 femalemice)
and SXRKO (n=16 F0 femalemice). Since exposure was contin-
ued after weaning, it was not distinguishable if results were due to
perinatal or postweaning exposure; therefore, offspring were ana-
lyzed as individuals instead of by litter. All male offspring were
investigated for determining body and tissue weights, percentages
of erythroid precursors, and lifespan complete blood counts. One
male per litter was used for transcriptome sequencing (RNA-seq)
analysis, malondialdehyde (MDA) measurements, reduced gluta-
thione (GSH)/oxidized glutathione (GSSG) level determination,
and quantitative real-time polymerase chain reaction (qPCR) vali-
dation of RNA-seq results to avoid potential litter effects. End
points using only one individual from each litter are noted in the
individual method sections. Female offspring were included in one
cohort of the chronic exposure study but did not display any pheno-
type or abnormalities (data not shown). Therefore, female off-
spring were not investigated for the 4-wk-old perinatal exposure
study or other cohorts of the chronic exposure study.

The dose of PCB-153 used in this study is equivalent to
0:15 lmol=kg=d or 54 lg=kg=d, assuming that mice consumed
1:5 mL=10 g of BW of water a day (Johns Hopkins University
Animal Care and Use Committee 2019). The no observed adverse
effect level (NOAEL) for PCB-153 for rodents is between 1 and
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125 mg=kg=d depending on the biological end point investigated
(European Food Safety Authority 2005). The worst-case, environ-
mentally relevant dose of PCB-153 for human exposure is
1:7 lmol=kg=d (Haave et al. 2011). We chose the dose of
0:15 lmol=kg=d (54 lg=kg=d) because it is relevant to human ex-
posure levels and it is five times lower than the rodent NOAEL.

Complete Blood Count
Whole blood (50 lL)was collected bimonthly into heparinized cap-
illary tubes from the saphenous vein for WT (DMSO, n=14; PCB-
153, n=23) and SXRKO (DMSO, n=18; PCB-153, n=22) mice
beginning at 6 wk until 9 months of age. Blood parameters were
measured on a scil Vet ABC Hematology Analyzer (scil Animal
Care Company) within 4 h of blood collection. Blood parameters
measured included white blood cell count (WBC), red blood cell
count (RBC), hematocrit (HCT), hemoglobin (HGB), mean corpus-
cular volume, mean cell HGB, mean corpuscular HGB concentra-
tion, RBC distribution width (RDW), platelet count, lymphocyte
count, monocyte count, and granulocyte count.

Tissue and Cell Collection
Mice were euthanized by isoflurane overdose. Whole blood was
collected by cardiac puncture. Aliquots of whole blood (20 lL)

were flash frozen and stored at −80�C until further analysis.
Remaining blood was centrifuged (2,000× g at 4°C for 10 min) to
separate cells from the plasma. Plasma was removed and stored at
−80�C. Livers and spleens were dissected, flash frozen in liquid
N2, and stored at −80�C. A section of each spleen was set aside
before flash freezing for splenocyte isolation.

Tumor Histology
Intestinal tumors were fixed in buffered 3.7% formaldehyde, em-
bedded in paraffin, sectioned at 4–5 lm, and stained with hema-
toxylin and eosin by the core facility of the Department of
Pathology and Laboratory Medicine at UCI, following standard
protocols. An Axiovert 40 CFL microscope (Zeiss) (40× magni-
fication) was used to acquire bright-field photomicrographs.

Spleen and Bone Marrow Cell Isolation
Spleens were physically dissociated using a petri dish and syringe
plunger in 1 mL of cold phosphate-buffered saline (PBS) containing
1% fetal bovine serum (FBS) (Omega Scientific). Hind legs were dis-
sected, tibias and femurs were isolated, and bone marrow cells were
extracted by flushing cold PBS+1% FBS buffer into the marrow
cavity using a 25-gauge needle. Erythrocytes were lysed by incuba-
ting cell suspensions in ACK lysis buffer (150mMNH4Cl+

Figure 1. Experimental setup, survival, and blood hemoglobin analysis of wild-type (WT) and steroid and xenobiotic receptor knockout (SXRKO) mice
exposed to polychlorinated biphenyl 153 (PCB-153) or vehicle. (A) Exposure schematic for perinatal and chronic exposure to PCB-153; number of mice per
group are reported as (n=number of mice for perinatal study; number of mice for chronic study). (B) Survival of WT or SXRKO mice exposed to PCB-153 or
vehicle [dimethylsulfoxide (DMSO)] in chronic exposure study; both cohorts of SXRKO mice exposed to PCB-153 are shown independently (cohort 1, n=16;
cohort 2, n=11); all other groups are shown as the sum of both cohorts (WT DMSO, n=14; WT PCB, n=23; SXRKO DMSO, n=18) and merged together
in one bold red line. (C) Hemoglobin measurements of SXRKO mice exposed to DMSO (n=18) or PCB-153 (n=22) throughout lifespan in chronic exposure
study, plotted as mean± standard error of themean ðSEMÞ. **p<0:01; ***p<0:001 determined by Student’s t-test.
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10mMKHCO3 +0:1mMNa2 ethylenediaminetetraacetic acid) for
5 min. Cells were washed and resuspended in fluorescence-activated
cell sorter (FACS) buffer (PBS+ 1% FBS+0:02% sodium azide)
forflow cytometry antibody staining.

Flow Cytometry Analysis
Splenic and bone marrow cells were diluted in cold FACS buffer
(PBS+1% FBS+0:02% sodium azide), divided into 4 × 104 cell
aliquots, stained with an antibody cocktail of 1:200 APC anti-
mouse TER119 (TONBO biosciences, catalog no. 20-5921-U025);
1:1,000 CD71, PE (eBioscience; catalog no. 12-0711-81); and
1:400 Alexa Fluor® 700 anti-mouse CD45 (BioLegend; catalog no.
103128) in the dark for 30 min at 4°C. Cells were analyzed on a BD
LSRFortessa™ X-20 cytometer (BD Biosciences), and data were
processed using FlowJo software (v10.5.3; Tree Star).

Erythrocyte Malondialdehyde/Lipid Peroxidation
Measurement
Flash frozen blood samples (n=5 per group, each coming from a
different litter with the exception of SXRKO PCB-153, which has
five mice coming from four litters) were mixed with 1 mL of ster-
ile, ultrapure water [ultrafiltered, ultraviolet sterilized water from a
Nanopure™ ultrapure water system (Barnstead International),
hereafter called nanopure water] for 2 min to lyse the RBCs. RBC
membranes were pelleted [12,000× g for 5 min at room tempera-
ture (RT)] and supernatants discarded. RBC membranes were
washed with nanopure water and pelleted again. MDA levels were
obtained using the Lipid Peroxidation (MDA) Assay Kit (Sigma-
Aldrich) following themanufacturer’s protocol. Supernatants were
plated in two technical replicates and measured on a fluorescence
plate reader with excitation at 532 nm and emission at 553 nm.

Hemoglobin Measurement
Flash frozen blood samples (n=5 per group, each coming from a
different litter with the exception of SXRKO PCB-153, which has
five mice coming from four litters) were diluted 1:200 in nanopure
water. HGB content was determined using the Hemoglobin Assay
Kit (Sigma-Aldrich) according to the manufacturer’s protocol.
Briefly, 50 lL of diluted blood was plated in a clear 96-well plate
using two technical replicates for each sample. The assay reagent
(200 lL) was added to each sample and incubated for 5 min at RT.
The colorimetric products weremeasured at 400 nm.

GSH/GSSG Level Determination
Flash frozen blood samples (n=5 per group, each coming from a
different litter with the exception of SXRKO PCB-153, which has
five mice coming from four litters) were diluted with 500 lL of
nanopure water and deproteinized using one-fifth volume of 100%
trichloroacetic acid (Sigma-Aldrich) and then centrifuged at
12,000× g for 5 min at 4°C. Supernatants were neutralized by
slowly adding sodium bicarbonate until the pH was equal to 4–6.
GSH and total glutathione levels were determined using the GSH/
GSSG Ratio Detection Assay Kit (Abcam) according to the manu-
facturer’s protocol. Briefly, 25 lL of neutralized supernatants
were plated in a black 384-well plate with a clear bottom using two
technical replicates for both the GSH and total glutathione panels
of each sample. The GSH assay mixture (25 lL) was added to the
GSH panel, and the total glutathione assay mixture (25 lL) was
added to the total glutathione panel and incubated for 30 min at RT
in the dark. The fluorometric products were excited at 490 nm and
emission measured at 520 nm. Concentrations of GSH and total
glutathionewere calculated by comparing to a standard curve.

Ex VivoHemolysis Assay
Blood was collected from untreated 4-wk-old WT and SXRKO
mice (n=3) by cardiac puncture using a needle and heparinized
syringe. Blood was centrifuged (10 min at 5,000 rpm) and plasma
was removed. Packed erythrocytes were washed twice with 1 ×
PBS (pH 7.4) and then diluted 1:50 in 1× PBS (pH 6.2). A more
acidic pH was used in the experimental buffer to obtain higher
sensitivity to agent-induced hemolysis (Evans et al. 2013). RBCs
were treated with 10, 5, 2.5, or 1:25 lM of PCB-153 or with a
positive control [1% sodium dodecyl sulfate (SDS)] in a round-
bottom 96-well plate with a final volume of 100 lL for 2 h at
37°C. Two technical replicates were performed for each sample.
After incubation, cells were pelleted, and supernatants were
transferred to a clear 96-well plate. Absorbance of free heme in
the supernatant was measured at 405 nm.

RNA Extraction
Frozen tissue sections were homogenized rapidly in 1 mL of Trizol
reagent (Thermo Fisher Scientific). RNA was isolated from the tis-
sue–Trizol homogenate by chloroform extraction.RNAwas precipi-
tated with an equal volume of 100% isopropanol and centrifuged,
and salt was removed by washing with 70% ethanol. The final RNA
product was resuspended in DNase/RNase-free nanopure water and
quantified by spectrophotometry, and its integrity was verified by
denaturing agarose gel electrophoresis.

RNA-Seq Library Prep and Sequencing
Five samples from each exposure group, each coming from a differ-
ent litter with the exception of SXRKO PCB-153, which has five
mice coming from four litters, were randomly selected for RNA-seq
analysis. The two SXRKOPCB-153mice coming from the same lit-
ter are labeled KP2 and KP3. Both liver and spleen transcriptomes
were analyzed for each selected sample. The extracted RNA was
further purified using a Quick-RNA™ Microprep Kit (Zymo
Research). RNAquality, quantity, and integrity weremeasuredwith
the Bioanalyzer 2100 (Agilent); results are shown in Supplemental
Material, “RNA quality.” RNA-seq libraries were prepared by the
UCI Genomics High Throughput Facility using 1 lg of RNA and
the TruSeq StrandedmRNALibrary Prep Kit (Illumina). Two sepa-
rate libraries were made for the liver and spleen samples with 20
samples each using Illumina reagents. Each library was sequenced
on a HiSeq4000 (Illumina) instrument using single-stranded 100-bp
read length, with one library per flow cell lane.We obtained an aver-
age of 18:6± 2:6million reads per sample.

RNA-Seq Analysis and Visualization
Sequence quality was checked in the Fastq files using FastQC
(v0.11.8; Babraham Bioinformatics). Fastq files were then aligned
to the mouse MM10 genome assembly (ENSEMBL) using the
STAR aligner (Dobin et al. 2013) on the UCI High Performance
Computing Cluster (hpc.oit.uci.edu/). The resulting BAM files
were also checked with FastQC. The average number of uniquely
mapped reads was 84:7± 2:3%. Spleen sampleWD2was removed
from downstream analysis due to lower mapping quality (76.1%)
compared to all other spleen samples. Reads were counted using
Rsubread/featureCounts [Bioconductor package in R (v3.5.5; R
Development Core Team)] (Liao et al. 2014), and differential
expression analysis was conducted using DESeq2 [Bioconductor
package in R (R Development Core Team)] (Love et al. 2014).
Differentially expressed genes (DEGs) were selected using a
Benjamini-Hochberg-adjusted p-value (p-adj) of <0:05 and absolute
value ½ log2fold change ðFCÞ�>0:3. Normalized counts obtained
from DESeq2 analysis were used to generate heatmaps. Heatmaps
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were plotted using the pheatmap package in R. Lists of significant
only DEGs with foldchange and p-adj values are provided in Excel
Tables S1 and S2. Raw and processed RNA-seq data files, including
full lists of DEGs, are available at Gene Expression Omnibus
(GSE135916). TheHPC and R scripts used for RNA-seq analysis are
shown in the SupplementalMaterial, “RNA-seq script.”

Gene Ontology Analysis
DEGs obtained from DESeq2 were input into MouseMine (Mouse
Genome Informatics 2019) using a Benjamini-Hochberg-corrected
p-value of <0:05 to determine significance. For gene ontology
(GO) term enrichment, terms were reduced to 25 terms using
Revigo (Supek et al. 2011) and independent selection of desired
terms. GO term enrichment plots were made using the ggplot2
package in R (R Development Core Team). Enrichment is plotted
as ðno: of DEGswithin the termÞ=ðtotal no: of genes in the termÞ×
100. A full list of significant GO terms in provided in Excel
Tables S3 and S4.

qPCR Validation of Differentially Expressed Genes
Complementary DNA (cDNA) was synthesized using 2 lg of
extracted intact RNA and Superscript™ III Reverse Transcriptase
(Thermo Fisher Scientific) according the manufacturer’s protocol.
Synthesized cDNA was diluted 5-fold for qPCR analysis. Diluted
cDNA was combined with SYBR™ Green qPCR Master Mix
(Thermo Fisher Scientific) and the primer mix for gene of interest
and analyzed using a LightCycler® 480 (Roche). Two technical
replicate cycle threshold (Ct) values were averaged for each bio-
logical replicate. Mean Ct values were normalized to Rplp0 ribo-
somal protein, large, P0 (36B4/Rplp0) or Beta-actin (Actb) for
liver or spleen, respectively, and relative FC mRNA levels were
then calculated by using the DDCt method (Livak and Schmittgen
2001) with relative gene expression presented as mean FC over ve-
hicle control ± standard error of themean. Primers were designed
using PerlPrimer software (v1.1.21; OwenMarshall), and oligonu-
cleotides were purchased from Sigma-Aldrich. qPCR primer
sequences are given in Table S2.

Extraction of PCB-153 and 3-OH-PCB 153 from Liver
Liver samples were processed following a published procedure
(Milanowski et al. 2010). Briefly, samples (247± 62 mg) were
spiked with PCB 117 and 40-OH-PCB 159 (50 ng each) as surro-
gate recovery standards. After homogenization in 2-propanoal
(3 mL), samples were extracted with diethyl ether (1 mL) and hex-
ane:diethyl ether (9:1 vol/vol; 2:5 mL). The combined extracts
were washed with phosphoric acid (0:1 M solution in 0.9% aque-
ous sodium chloride, 5 mL) and derivatized with diazomethane
(0:5 mL) overnight at 4�C. Sulfur removal and sulfuric acid treat-
ment steps were employed before analysis as described (Kania-
Korwel et al. 2005).

Extraction of PCB-153 and 3-OH-PCB-153 from Plasma
Plasma samples (71± 51 mg) were spiked with PCB-117 and 40-
OH-PCB-159 (50 ng each) as surrogate recovery standards and
denatured with hydrochloric acid (6 M; 1 mL) and 2-propanol as
reported previously (Kania-Korwel et al. 2011; Wu et al. 2011).
All samples were extracted with hexane:methyl tert-butyl ether
(1:1 vol/vol; 5 mL) and then reextracted with hexane (3 mL).
The combined organic extracts were washed with potassium
chloride solution (1%; 4 mL) and underwent the derivatization
and cleanup procedures as above.

Quantitation of PCB-153 and 3-OH-PCB-153
Quantitative analyses of PCB-153 and 3-OH-PCB 153 in sample
extracts were carried out on a 7890A gas chromatography (GC)
system (Agilent) equipped with a SPB®-1 capillary column
(60 m×250 lm×0:25 lm film thickness; Supelco) and a 63Ni-
micro electron capture detector (Agilent) as previously reported
(Wu et al. 2011), with minor modifications and described below.
Helium was used as carrier gas with a constant flow rate of
2 mL=min. The injector and detector temperatures were 240�C
and 300�C, respectively. The column temperature program was
initially set as 50�C, held for 1 min, then gradually increased to
200�C by 30�C=min, increased to 250�C by 1�C=min, increased
to a final temperature of 280�C by 10�C=min, and held there for
3 min. The PCB-153 and 3-OH-PCB-153 were identified by the
retention time of their authentic standards. The relative reten-
tion time (RRT) of all analytes was within 0.5% of the RRT of
the respective standard. PCB 153 and 3-OH-PCB 153 were
quantified with the internal standard method as described
(Kania-Korwel et al. 2007). Levels were corrected for recov-
eries below 100%.

Quality Assurance/Quality Control of PCB-153 and 3-OH-
PCB-153 Measurements
The responses of PCB-153 (R2 = 0:999), 3-OH-PCB-153 (R2 =
0:999), PCB-117 (recovery standard; R2 = 0:999), 40-OH-PCB-
159 (recovery standard, R2 = 0:999), and PCB-204 (internal
standard; R2 = 0:999) on the GC–electron capture detector were
linear from 1 to 1,000 ng=mL. The limits of detection (LODs)
of PCB-153 and 3-OH-PCB-153 were calculated from method
blanks as LOD=mean blanks+ k× standard deviation blanks
(k is the Student’s t-value for a degree of freedom of n− 1=5 for
liver and n− 1= 5 for serum at the 99% confidence level). The
LODs for analyses of liver samples were 0:09 ng and 0:03 ng for
PCB-153 and 3-OH-PCB-153, respectively. The LODs for analy-
ses of serum samples were 0:11 ng and 0:07 ng for PCB-153
and 3-OH-PCB-153, respectively. The background levels of
PCB-153 and 3-OH-PCB-153 in control liver samples were
0:15±0:07 ng=g (n=19) and 0:11± 0:03 ng=g (n=19), respec-
tively. The background levels of PCB-153 and 3-OH-PCB-153 in
control serum samples were 0:83± 1:64 ng=g (n=18) and
0:85±2:38 ng=g (n=18), respectively. The recoveries of PCB-
153 and 3-OH-PCB-153 spiked into control liver samples were
78± 6% (range: 73–87%; n=5) and 86± 9% (range: 78–99%;
n=5), respectively. The recoveries of PCB-153 and 3-OH-PCB-
153 spiked into control serum samples were 83± 6% (range: 74–
90%; n=6) and 70±17% (range: 51–102%; n=6), respectively.
For liver analyses, the recoveries of the surrogate standards added
to every samples were 95±12% (range: 55–111%; n=40) and
91± 14% (range: 56–120%; n=40) for PCB-117 and 40-OH-
PCB-159, respectively. For serum analyses, the recoveries of the
surrogate standards added to every samples were 88±8% (range:
74–102%; n=47) and 99± 14% (range: 59–120%; n=47) for
PCB-117 and 40-OH-PCB-159, respectively.

Statistical Analysis
Data visualization and statistical analyses were conducted in
Prism (version 8; GraphPad), excluding RNA-seq analysis, which
was completed in R and other software packages as indicated
above. Thirteen to 27 biological replicates were used for expo-
sure experiments and in vivo and FACS analyses. Downstream
biochemical analyses, RNA-seq analysis, and qPCR gene valida-
tions used five biological replicates per group. Two-way analysis
of variance with Tukey’s multiple-comparisons test or Student’s
t-test were used to determine statistical differences between
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groups. The test used for each analysis is stated in the figure
descriptions. A p-value of <0:05 was considered statistically sig-
nificant for all assays other than RNA-seq analysis, which used
adjusted p-values based on the Benjamini-Hochberg test.

Results

Number of Fatalities and Blood Hemoglobin Values of
Wild-Type and SXRKOMice Chronically Exposed to a Low
Dose of PCB-153
WT and SXRKO females were exposed to approximately
54 lg=kg BW/d of PCB-153 or vehicle (0.1% DMSO) in the
drinking water throughout pregnancy and lactation. Male offspring
were continued on the same exposure after being weaned from the
mother until either 4 wk or 10 months (45 wk) of age and were
monitored to investigate the role of SXR/PXR on the action of de-
velopmental and chronic exposure to anNDL-PCB (Figure 1A).

We observed premature death at 5 wk of age in approximately
18% of male SXRKO offspring from the PCB-153 group in two

independent experimental cohorts of the chronic exposure study;
no deaths were observed in the vehicle-exposed SXRKO mice or
in any of theWT exposure groups (Figure 1B; Table S3). Necropsy
revealed no obvious causes of death (data not shown), and no addi-
tional deaths occurred after this age (Figure 1B). Blood parameters
were monitored every 9–10 wk in mice that survived after 5 wk of
age. Lower HGB levels were observed at 6 wk of age in PCB-153-
exposed compared to vehicle (DMSO)-exposed SXRKO mice
(Figure 1C). SXRKO mice chronically exposed to PCB-153 con-
sistently displayed lower blood HGB values throughout their life-
span compared to DMSO-exposed SXRKO mice. Interestingly,
the largest differences between DMSO- and PCB-153-exposed
SXRKO mice were observed at younger ages; the differences at
older ages appear to be due to higher HGB levels in vehicle-
exposed SXRKO animals (Figure S1B). There were no differences
between the exposure groups among WT mice at any age (Figure
S1A; Table S4). No other blood parameters were consistently dif-
ferent between groups, although lowerHCT and higher RDWwere
transiently observed in PCB-153-exposed SXRKOmice at 6 wk of
age compared to vehicle-exposed SXRKOmice (Table S5).

Figure 2. Erythroid precursors, blood hemoglobin, and body weights of 4-wk-old wild-type (WT) and steroid and xenobiotic receptor knockout (SXRKO) mice
perinatally exposed to polychlorinated biphenyl 153 (PCB-153) or vehicle. Representative fluorescence-activated cell sorter (FACS) plots of (A) bone marrow or
(C) spleens of SXRKO mice exposed to dimethylsulfoxide (DMSO) and PCB-153, gating on erythroid precursors. Quantifications of erythroid precursors in (B)
bone marrow and (D) spleens of 4-wk-old perinatally exposed mice (WT DMSO, n=19; WT PCB, n=18; SXRKO DMSO, n=16; SXRKO PCB, n=13) plot-
ted as mean± standard error of themean ðSEMÞ. (E) Blood hemoglobin levels of WT and SXRKO mice at 4 wk of age perinatally exposed to either DMSO or
PCB-153 (n=5 per group) plotted as mean± SEM. (F) Body weights of exposed mice at 4 wk of age (WT DMSO, n=19; WT PCB, n=18; SXRKO DMSO,
n=16; SXRKO PCB, n=13) plotted as mean±SEM. a, statistically significant compared to WT DMSO; b, statistically significant compared to WT PCB; c, stat-
istically significant compared to SXRKO DMSO determined by two-way analysis of variance (ANOVA) and Tukey’s multiple-comparisons test.
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Analysis of Bone Marrow and Spleen from 4-Wk-Old Mice
Perinatally Exposed to PCB-153 for Signs of Erythropoiesis
and Hematological Abnormalities
To further investigate the cause of death that occurred at 5 wk of
age in the PCB-153-exposed SXRKO mice and the possible con-
nection to the lower blood HGB values, we conducted a perinatal
exposure study to investigate F1 offspring at 4 wk of age and
focused our investigation on the tissues involved in the produc-
tion of RBCs and iron homeostasis: blood, bone marrow, spleen,
and liver.

A higher percentage of erythroid precursors (TER119+,
CD71+), the progenitors of RBCs, was observed in the bone mar-
row and spleen via FACS analysis in SXRKO mice perinatally
exposed to PCB-153 at 4 wk of age (Figure 2A–D). No differen-
ces were observed between exposure groups for WT mice
(Figure 2B,D). This higher percentage of erythropoiesis was
accompanied by lower blood HGB levels for PCB-153-exposed
SXRKO mice compared to vehicle-exposed SXRKO mice
(Figure 2E), consistent with our observations performed in older
animals (Figure 1C). Interestingly, WT mice showed a trend for
higher blood HGB levels with PCB-153 exposure at 4 wk of age
(Figure 2E); however, this was not significant and not observed
at any other age (Figure S1A). PCB-153-exposed SXRKO off-
spring also displayed smaller BWs at 4 wk of age compared to
vehicle-exposed and WT controls, although this was not statisti-
cally significant (Figure 2F). There were no differences in relative
spleen or liver weights for exposed pups or dams (Figure S2).

Since the spleen is the site of stress erythropoiesis (Paulson
et al. 2011) and because it is involved in the filtering and recy-
cling of RBCs, we conducted RNA-seq analysis to evaluate alter-
ations in splenic gene expression between PCB-153- and vehicle-
exposed WT and SXRKO mice. Numerous differences were
observed between PCB-153 and DMSO perinatally exposed
SXRKO mice, encompassing 380 GO biological processes terms
(Table 1). Significant enrichments were found in terms that
included heme metabolism, cell cycle, and immune system path-
ways (Figure S3; Excel Table S3). Compared to vehicle-exposed
SXRKO mice, PCB-153-exposed SXRKO mice displayed higher
expression of genes related to erythroid development, supporting
the phenotypic finding of higher splenic erythropoiesis (Figure
3A). Kruppel-like factor 1 (Klf1), a transcription factor important
for erythroid lineage commitment and erythrocyte maturation
(Siatecka and Bieker 2011), had significantly higher gene expres-
sion in SXRKO mice exposed to PCB-153 compared to DMSO,
and this expression pattern was validated by qPCR (Figure 3B).
Several other key DEGs for this pathway were validated with
qPCR analysis (Figure S4). PCB-153-exposed SXRKO mice also
displayed elevated expression of genes related to heme metabo-
lism compared to DMSO-exposed SXRKO mice (Figure 3C).
This included important components in heme synthesis, such as
ferrochelatase (Fech) (Figure 3C; Figure S4B), which encodes for
the terminal enzyme of the heme biosynthesis pathway (Ferreira
1999), and biliverdin reductase B (Blvrb) (Figure 3C,D), which

encodes for one of the most important enzymes involved in the ca-
tabolism of free heme (Barañano et al. 2002). Selected DEGs in
this GO term were validated by qPCR (Figure S4). The expression
levels of genes in these GO terms correlated with the observed
level of splenic erythropoiesis (Figure S5). No differences in
mRNA expression for all genes investigated were observed
between exposure groups for WT mice (Figure 3B,D; Figure S4).
Since we observed DEGs between PCB-153- and vehicle-exposed

Table 1. Spleen transcriptome sequencing (RNA-seq) results.

SXRKO DMSO vs. WT DMSO SXRKO PCB vs. WT PCB SXRKO PCB vs. SXRKO DMSO WT PCB vs. WT DMSO

Total DEGs 23 198 1,598 4
Up-regulated 16 125 965 1
Down-regulated 7 73 633 3
GO terms (BPs) 0 24 380 0

Note: Number of total, up-regulated, and down-regulated differentially expressed genes (DEGs) for each comparison and the resulting number of significant gene ontology (GO) terms
for biological processes (BPs). DEGs were determined by DESeq2 with adj p-adj <0:05 and absolute value of log2 ½fold change ðFCÞ�>0:3. GO term significance determined by
Benjamini-Hochberg correction test (p-adj <0:05) in MouseMine (Mouse Genome Informatics 2019). DMSO, dimethylsulfoxide; PCB, polychlorinated biphenyl-153; SXRKO, steroid
and xenobiotic receptor knockout (SXRKO); WT, wild-type.

Figure 3. Differentially expressed genes in erythrocyte development and
heme metabolism in the spleen between steroid and xenobiotic receptor
knockout (SXRKO) mice perinatally exposed to polychlorinated biphenyl
153 (PCB-153) and vehicle. (A) Differentially expressed genes (DEGs)
involved in erythrocyte development in the spleen of SXRKO mice exposed
to PCB-153 compared to SXRKO mice exposed to dimethylsulfoxide
(DMSO). (B) Kruppel-like factor 1 (Klf1) erythroid transcription factor
quantitative real-time polymerase chain reaction (qPCR) gene expression
analysis (n=5 per group). (C) Heatmap of DEGs related to heme metabolism
in the spleen of SXRKO mice exposed to PCB-153 compared to SXRKO
mice exposed to DMSO. (D) Biliverdin B (Blvrb) qPCR gene expression
analysis (n=5 per group) in the spleens of WT and SXRKO mice exposed to
DMSO or PCB-153. qPCR data plotted as mean fold change over WT
DMSO± standard error of themean ðSEMÞ. a, statistically significant com-
pared to WT DMSO; b, statistically significant compared to WT PCB; c, stat-
istically significant compared to SXRKO DMSO determined by two-way
analysis of variance (ANOVA) and Tukey’s multiple-comparisons test. Note:
D, DMSO exposure; K, SXRKO mice; P, PCB-153 exposure; W, WT mice.
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SXRKO spleens, we asked whether PCB-153 was directly induc-
ing damage on RBCs. To answer this, we isolated RBCs from
WT and SXRKO mice and exposed them ex vivo to varying con-
centrations of PCB-153 alongside positive (SDS) and negative
(DMSO) controls. Interestingly, we did not observe any direct he-
molytic activity of PCB-153 on RBCs from either WT or SXRKO
animals (Figure S6).

Investigating Oxidative Stress in the Spleens and Red Blood
Cells of Wild-Type and SXRKOMice Perinatally Exposed to
PCB-153
In addition to elevated heme synthesis and erythroid development,
transcriptomal analysis of the spleens revealed enrichment for genes
in GO terms related to oxidative stress (Figures S3 and S7A).
Compared to vehicle-exposed SXRKOmice, SXRKOmice perina-
tally exposed to PCB-153had a different expression profile for genes
involved in responses to reactive oxygen species (ROS), with higher
expression of key antioxidant genes, including peroxiredoxin 2
(Prdx2) and glutathione peroxidase 1 (Gpx1) (Figure 4A; Figure
S7A,B), and the transcription factor Foxo3 (Figure S7A), which is
induced by ROS in erythrocytes to up-regulate antioxidant genes
(Kops et al. 2002; Marinkovic et al. 2007). No changes were
observed between exposure groups forWTmice (Figure 4A; Figure
S7A,B). PCB-153-exposed SXRKOmice also displayed alterations
in the expression of genes involved in glutathione metabolism and
synthesis in the spleen compared to DMSO-exposed SXRKOmice,
and no differences were observed between exposure groups for WT
mice (Figure 4C). PCB-153-exposed SXRKO animals showed
higher expression of GSTs, such as microsomal GST 3 (Mgst3)
(Figure 4C; Figure S7C) and GST pi 3 (Gstp3) (Figure 4C; Figure
S7D) compared to vehicle-exposed SXRKO mice. No differences
were observed between exposure groups for WT mice (Figure S7).
RBCs of PCB-153-exposed SXRKOmice also displayed a lower ra-
tio of reducedGSH to total glutathione content compared toDMSO-
exposed SXRKO mice (Figure 4D), indicating elevated oxidative
stress. RBC membranes of SXRKO mice exposed to PCB-153
showed signs of higher MDA content, indicative of higher lipid per-
oxidation and oxidative damage, but this did not reach statistical sig-
nificance (Figure 4B).WTmice displayed no differences inMDAor
GSH levels between exposure groups (Figure 4B,D). SXRKOmice
exposed to PCB-153 also exhibited altered gene expression of GO
terms related to DNA damage in the spleen compared to vehicle-
exposed SXRKO mice (Figure S8). These findings support the
RNA-seq results pointing toward elevated oxidative stress experi-
enced by SXRKOmice perinatally exposed to PCB-153.

RNA Expression Profile of Metabolism Related Pathways in
the Liver of 4-Wk-Old Wild-Type and SXRKOMice
SXR/PXR is expressed at high levels in the liver, a principal site
of xenobiotic metabolism, of several animal species, including
mice (Kliewer et al. 1998) and humans (Blumberg et al. 1998).
The liver transcriptomes from 4-wk-old WT and SXRKO mice
were compared to investigate whether the phenotypic differences
were the result of distinct metabolic responses to PCB-153. A
low number of DEGs were associated with PCB-153 exposure in
the livers of both WT and SXRKO mice compared to their
vehicle-exposed counterparts in the RNA-seq data set (Table 2).
However, the results revealed inherent differences between livers
ofWT and SXRKOmice in terms such as xenobiotic metabolism,
oxidation–reduction processes, and glutathione metabolic pro-
cess (Figure 5; Figure S9). These inherent differences included
differential expression of many CYP genes. Several isoforms of
the CYP2B family of P450s catalyze phase I metabolism of
NDL-PCBs (Grimm et al. 2015). Expression of Cyp2b9 and

Cyp2b10 were elevated in SXRKO mice compared to WT
(Figure 5A,B). However, many other CYP genes were down-
regulated in SXRKO mice compared to WT (Figure 5A). There
appears to be higher Cyp2b10 expression in the livers of PCB-
153-exposed SXRKO mice compared to vehicle-exposed
SXRKO mice, but it was not statistically different, and no differ-
ences between exposure groups for WT mice were observed
(Figure 5B). Several drug/xenobiotic transmembrane transporter
genes were also differentially expressed in the liver between WT
and SXRKO mice perinatally exposed to PCB-153 (Figure
S10A), including the solute carrier (SLC) organic anion trans-
porter family member 1A1 (Slco1a1); no differences were
observed between exposure groups for either WT or SXRKO
mice (Figure S10B). SXRKOmice also showed lower expression
of several GSTs, such as Gstp1 (Figure 5C,D) and higher expres-
sion of several sulfotransferases (SULTs), such as Sult2a1
(Figure S11C,D), in the liver compared to WT controls. These
results demonstrated an overall altered metabolism gene expres-
sion profile in liver of SXRKOmice compared toWTmice.

Figure 4. Oxidative stress markers in spleens and red blood cells (RBCs) of 4-
wk-old wild-type (WT) and steroid and xenobiotic receptor knockout
(SXRKO) mice perinatally exposed to polychlorinated biphenyl 153 (PCB-
153) or vehicle. (A) Peroxiredoxin 2 (Prdx2) mRNA expression in the spleens
of WT and SXRKO mice exposed to PCB-153 or DMSO, plotted as mean
fold change over WT dimethylsulfoxide ðDMSOÞ± standard error of the
mean ðSEMÞ (n=5 per group). (B) Malonaldehyde (MDA) levels of RBC
membranes from PCB-153- or DMSO-exposed WT and SXRKO mice
(n=5 per group); data plotted as mean± SEM. (C) Heatmap of differentially
expressed genes (DEGs) in the spleens between SXRKOmice exposed to PCB-
153 (n=5) compared to DMSO (n=5) for genes related glutathione metabo-
lism. (D) Ratio of reduced glutathione (GSH) to total glutathione in RBCs ofWT
and SXRKO mice exposed to DMSO or PCB-153; plotted as mean±SEM
(n=5 per group). a, statistically significant compared to WT DMSO; c, statisti-
cally significant compared to SXRKO DMSO determined by two-way analysis
of variance (ANOVA) and Tukey’s multiple-comparisons test. Note: D, DMSO
exposure; K, SXRKOmice; P, PCB-153 exposure;W,WTmice.
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PCB-153 and 3-OH-PCB-153 Levels in the Plasma and
Liver of 4-Wk-Old Wild-Type and SXRKOMice Perinatally
Exposed to PCB-153
We investigated the levels of PCB-153 in the plasma and liver of
perinatally exposed WT and SXRKO mice to determine if there
were any differences between genotypes. No differences were
observed in PCB-153 levels between WT and SXRKO animals for
both plasma and liver (Figure 6A,D). However, levels of a major
hydroxylated metabolite of PCB-153, 3-OH-PCB-153, were ele-
vated in both the plasma and livers of PCB-153-exposed SXRKO
mice compared to PCB-153-exposed WT mice (Figure 6).
Expression of many uridine 50-diphosphate–glucuronyl transferase

(UGT) genes, which have been demonstrated to be involved in the
conjugation of hydroxylated PCB metabolites (Daidoji et al. 2005;
Grimm et al. 2015), was higher in PCB-153-exposed SXRKO
mice compared to exposed WT (Figure S11A). One UGT gene,
Ugt3a1, was down-regulated in unexposed SXRKO mice com-
pared to unexposed WT mice (Figure S11B).

Prevalence of Intestinal Tumors in Wild-Type and SXRKO
Mice Chronically Exposed to PCB-153
Chronic exposure to PCB-153 (54 lg=kgBW=d) led to the devel-
opment of tumors in the upper small intestine of SXRKO mice
that were observed at 10 months of age. These tumors occurred
in approximately 11% (4/35) of the PCB-153-exposed SXRKO
mice (Figure 7A) and were located near the jejunum–duodenum
junction (Figure 7B; Figure S12A). These results derived from
three independent chronic exposure studies, one of which
included a hSXRki transgenic mouse strain (Igarashi et al. 2012).
No WT or hSXRki mice in either exposure group developed in-
testinal tumors in any of the studies. The tumors were character-
ized as intestinal adenocarcinomas with a rare morphology that
resembled signet ring cell carcinoma (Figure S12B). Tumor-
bearing SXRKO mice chronically exposed to PCB-153 also dis-
played enlarged spleens accompanied by robustly elevated eryth-
ropoiesis (Figure 7C,D; Figure S12C). Ten-month-old SXRKO
mice chronically exposed to PCB-153 also displayed lower BWs
(Figure S12D), resembling the lower BWs observed at 4 wk of
age in the perinatal exposure study (Figure 2F).

Discussion
PCBs are highly persistent environmental contaminants known to
cause many detrimental acute and developmental effects in
humans and wildlife (Safe 1994). PCB exposure during early de-
velopment often leads to more severe and longer-lasting effects
than does adult exposure (Curran et al. 2011; Guo et al. 1995;
Jacobson et al. 1990b). Therefore, determining the underlying
molecular mechanisms responsible for the effects elicited by
acute, chronic, and developmental exposures and how to protect
against them is vital to protect public health. While much is
known about the mechanisms through which DL-PCBs act, a
large knowledge gap remains concerning the mechanisms of
action for NDL-PCBs. This study demonstrated that loss of SXR/
PXR resulted in elevated toxicity of PCB-153, likely due to accu-
mulation of metabolites that induce oxidative stress. This high-
lights the importance of SXR/PXR in the protection against
exposure to NDL-PCBs and likely other xenobiotics with reactive
metabolites.

Here, we showed that perinatal exposure of SXRKO mice to
PCB-153 led to a phenotype resembling hemolytic anemia, a pre-
viously unreported effect of exposure to this toxicant. The anemia
was characterized by lower HGB levels that persisted throughout
the lifespan (Figures 1C and 2E), with elevated compensatory
and stress erythropoiesis observed by 4 wk of age (Figure 2A–D).
Splenic erythropoiesis is commonly associatedwith anemia, which

Table 2. Liver transcriptome sequencing (RNA-seq) results.

SXRKO DMSO vs. WT DMSO SXRKO PCB vs. WT PCB SXRKO PCB vs. SXRKO DMSO WT PCB vs. WT DMSO

Total DEGs 260 394 60 0
Up-regulated 142 180 19 0
Down-regulated 118 214 41 0
GO terms (BPs) 47 103 9 0

Note: Number of total, up-regulated, and down-regulated differentially expressed genes (DEGs) for each comparison and the resulting number of significant gene ontology (GO) terms
for biological processes (BPs). DEGs were determined by DESeq2 with p-adj <0:05 and absolute value of log2 ½fold change ðFCÞ�>0:3. GO term significance determined by
Benjamini-Hochberg correction test (p-adj <0:05) in MouseMine (Mouse Genome Informatics 2019). DMSO, dimethylsulfoxide; PCB, polychlorinated biphenyl-153; SXRKO, steroid
and xenobiotic receptor knockout (SXRKO); WT, wild-type.

Figure 5. Liver transcriptome sequencing (RNA-seq) results comparing 4-wk-
old wild-type (WT) and steroid and xenobiotic receptor knockout (SXRKO)
mice. (A) Liver RNA-seq analysis of xenobiotic metabolism differentially
expressed genes (DEGs) of vehicle [dimethylsulfoxide (DMSO)]-exposed
SXRKOmice compared to vehicle-exposed WT mice. (B) Cytochrome P450
2b10 (Cyp2b10) mRNA expression in the liver measured by quantitative
real-time polymerase chain reaction (qPCR) (n=5 per group) plotted as
mean± standard error of themean ðSEMÞ. (C) Heatmap of DEGs in the liver
between vehicle-exposed SXRKO mice compared to vehicle-exposed WT
mice. (D) Liver glutathione S-transferase (GST) pi 1 (Gstp1) mRNA expres-
sion measured by qPCR (n=5 per group) plotted as mean±SEM. a, statisti-
cally significant compared to WT DMSO; b, statistically significant compared
to WT PCB, determined by two-way analysis of variance (ANOVA) and
Tukey’s multiple-comparisons test. Note: D, DMSO exposure; K, SXRKO
mice; P, PCB-153 exposure;W,WTmice.
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results from ineffective medullary erythropoiesis or another form
of RBC stress (Bozzini et al. 1970; Paulson et al. 2011). Higher
erythropoiesis in PCB-153-exposed SXRKOmicewas observed in
both the spleens and bonemarrow, suggesting that something other
than ineffective medullary erythropoiesis was the cause of the ane-
mia. Higher expression of heme catabolic genes, such as Blvra and
Blvrb (Figure 3C,D), is consistent with the possibility that SXRKO
mice exposed to PCB-153 also experienced elevated RBC
destruction, characteristic of hemolytic anemia (Beutler 1969).
The lower HGB values and associated erythropoiesis could

be the results of other hematological abnormalities, such as
altered RBC morphology or development of dysfunctional HGB,
although this was not investigated in our study. Another possibil-
ity is that there was undetected blood loss in the gastrointestinal
tract of these animals.

ROS and oxidative stress cause cell damage leading to RBC
destruction and anemia (Fibach and Rachmilewitz 2008; Han et al.
2012; Iuchi et al. 2010). Oxidative stress–induced hemolytic ane-
mia has been associated with exposure to some xenobiotics and is
thought to be caused by altered glutathione synthesis or glutathione

Figure 6. Levels of polychlorinated biphenyl 153 (PCB-153) and the PCB-153 metabolite, 3-OH-PCB-153, in exposed wild-type (WT) and steroid and xenobi-
otic receptor knockout (SXRKO) mice at 4 wk of age. Levels of (A) PCB-153 and (B) 3-OH-PCB-153 and (C) the ratio of 3-OH-PCB-153 to PCB-153 in the
plasma of PCB-153-exposed WT (n=5) and SXRKO (n=6) mice plotted as mean± standard error of themean ðSEMÞ. Levels of (D) PCB-153 and (E) 3-OH-
PCB-153 and (F) the ratio of 3-OH-PCB-153 to PCB-153 in liver of PCB-153-exposed WT (n=5) and SXRKO (n=7) mice plotted as mean±SEM.
*p<0:05; **p<0:01; ***p<0:001 determined by Student’s t-test.

Figure 7. Prevalence and characterization of intestinal tumors in steroid and xenobiotic receptor knockout (SXRKO) mice chronically exposed to polychlori-
nated biphenyl 153 (PCB-153) until 10 months of age. (A) Number of intestinal tumors found in the upper intestine of 10-month-old wild-type (WT), SXRKO,
and human SXR/pregnane X receptor (PXR) knock-in (hSXRki) mice chronically exposed to PCB-153 or dimethylsulfoxide (DMSO). (B) Representative
images of the tumors (indicated by yellow arrowheads) located near the duodenum–jejunum junction of the upper intestine. (C) Representative fluorescence-
activated cell sorter (FACS) plots of the spleen of a nontumor- vs. tumor-bearing mouse, gating on erythroid precursors. (D) Quantification of erythroid precur-
sor percentage in the spleens of chronically exposed mice (WT DMSO, n=14; WT PCB, n=23; hSXRki DMSO, n=4; hSXRki PCB, n=4; SXRKO DMSO,
n=22; SXRKO PCB, n=30) plotted as mean± standard error of themean ðSEMÞ; tumor-bearing mice are indicated with yellow triangle symbols.
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redox cycle regulation (Beutler 1969; Bowman et al. 2004). GSH
is a tripeptide that acts as both an antioxidant and detoxifying agent
(Meister and Anderson 1983). GSH reduces hydrogen peroxides
and other ROS, this process produces the oxidized formof glutathi-
one, GSSG (Townsend et al. 2003). SXRKO mice perinatally
exposed to PCB-153 had lower levels of GSH (the reduced form of
glutathione) in whole blood, indicating elevated oxidative stress.
Here, we also observed higher expression of mRNAs encoding key
antioxidants, Gpx1 and Prdx2, which may indicate a physiological
compensation to combat the elevated oxidative stress.

In addition to oxidation and reduction, GSH also participates
in the detoxification of xenobiotics but requires catalysis by GST.
SXRKO mice showed altered expression of mRNAs encoding
GSTs in the liver, with lower Gstp1 and Gstp2 and higher Gstp3
expression (Figure 5C,D). GSTs also detoxify harmful metabo-
lites of oxidative stress (Hayes et al. 2005). These differences
suggested that SXRKO mice have altered detoxification by GSH,
which could have led to elevated levels of oxidative stress–induc-
ing metabolites and lower levels of GSH. This would make
SXRKO mice more susceptible to oxidative stress. We observed
signs of elevated oxidative stress in the spleens and RBCs of
SXRKO mice exposed to PCB-153 (Figure 4). GST deficiencies
have been reported in human anemia cohorts (Beutler et al. 1988;
Lee et al. 2001). Another study linked GST polymorphisms with
sickle cell anemia (Silva et al. 2011).

Transcriptomal analysis of livers revealed inherent differences
in gene expression between WT and SXRKO mice, mostly related
to xenobiotic metabolism or oxidation–reduction processes (Figure
5; Figure S9); thus, we inferred that there may be resulting differen-
ces in PCB-153 metabolism between WT and SXRKO mice. We
observed elevated levels of the hydroxylated metabolite of PCB-
153, 3-OH-PCB-153, in both the plasma and livers of exposed
SXRKO mice compared to exposed WT (Figure 6). Hydroxylated
PCB metabolites are known to induce oxidative stress and DNA
damage; this mechanism was hypothesized to be responsible for
many of their adverse health effects (Al-Anati et al. 2015; Dreiem
et al. 2009). Therefore, we propose that the elevated levels of 3-OH-
PCB-153 in PCB-153-exposed SXRKO mice resulted in oxidative
stress on the RBCs, which induced a phenotype resembling hemo-
lytic anemia (Figure 8). This would also explain why we did not
observe direct RBC hemolysis from the parent PCB compound
(Figure S6). Elevated 3-OH-PCB-153 levels may have also contrib-
uted to the development of tumors in chronically exposed SXRKO

mice via an elevated amount ROS and DNA damage, although this
has yet to be demonstrated.

PCBs are hydroxylated by various cytochrome P450 or CYP
enzymes, although it is thought that the Cyp2b family plays the
largest role (Grimm et al. 2015).We observed higher expression of
mRNAs encoding Cyp2b9 and Cyp2b10 in the livers of SXRKO
mice (Figure 5A,B), which could explain the higher level of
hydroxylated metabolites in PCB-153-exposed SXRKOmice. The
altered expression of GSTs in the liver of SXRKO mice (Figure
5C,D) could also contribute to the elevated levels of OH-PCB153
due to their involvement in the detoxification of arene oxidemetab-
olites of PCBs (Grimm et al. 2015). UGTs are phase II metaboliz-
ing enzymes that conjugate a glucuronic acid to the hydroxyl group
of hydrophobic compounds to aid in their clearance from the body
(Burchell et al. 1989). These enzymes conjugate various OH-PCB
metabolites (Daidoji et al. 2005; Grimm et al. 2015). Lower
Ugt3a1 expression in SXRKO mice with both vehicle and PCB-
153 exposure (Figure S11B) provides a possible explanation for
the elevated levels of 3-OH-PCB-153metabolite, but our study did
not provide any evidence to support this. Many other UGT genes
were up-regulated in the livers of PCB-153-exposed SXRKOmice
compared to PCB-153-exposedWTmice (Figure S11A).

SULTs are phase II metabolizing enzymes that conjugate a
sulfonyl onto a hydroxyl group of xenobiotics to aid in its solubil-
ity and clearance (Gamage et al. 2006). SXRKO mice had ele-
vated expression of several SULTs compared to WT controls
(Figure S11C,D). This appears to contradict our results of higher
accumulation of 3-OH-PCB-153; however, it has been reported
that some OH-PCB metabolites can inhibit SULT activity (Liu
et al. 2006; Liu et al. 2009). In addition, Sult1e1 was the only up-
regulated SULT gene in PCB-153 exposed SXRKO mice com-
pared to PCB-153-exposed WT mice (Figure S11C), and this spe-
cific SULT isoform, along with Sult1a1, has been shown to bind
to hydroxylated PCBs (Shevtsov et al. 2003). The higher expres-
sion of several UGT genes and Sult1e1 in PCB-153-exposed
SXRKO mice is likely a compensatory response to the larger
presence of 3-OH-PCB-153. The up-regulation of these enzymes
can result in an increase in phase II metabolites of 3-OH-PCB-
153, which may also induce oxidative stress.

Another explanation for the elevated levels of 3-OH-PCB-
153 in SXRKO mice could be alterations in xenobiotic transport.
Decreased transport of PCB-153 and 3-OH-PCB-153 would
likely lead to an accumulation of these compounds in the tissues.

Figure 8. Proposed mechanism of oxidative stress and anemia phenotype induced by polychlorinated biphenyl 153 (PCB-153) in steroid and xenobiotic recep-
tor knockout (SXRKO) mice.
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We observed differential expression of various transporter genes
between WT and SXRKO animals, most notably with PCB-153
exposure (Figure S10). SLC transporters have been reported to
transport various environmental contaminants (Fardel et al.
2012), so it is possible that they could be involved in the transport
of PCBs. RNA-seq analysis of the livers revealed several SLC
genes that were differentially expressed between SXRKO and
WT mice during PCB-153 exposure (Figure S10). Many of these
SLC genes, including Slco1a1/OATP-1, were down-regulated in
SXRKO mice compared to WT (Figure S10). These findings sug-
gest that impaired transporter activity could have been a major
contributing factor to the accumulation of PCB metabolites and
thus, the downstream toxic effects.

Our chronic exposure study demonstrated that exposure to PCB-
153 in utero and until 10 months of age resulted in intestinal tumor
development in a subset of SXRKO mice (Figure 7A,B). These
tumors were characterized as intestinal adenocarcinomas (Figure
S12B). SXRKO mice have previously been reported to develop
tumors in multiple tissues, including the intestine, although the
tumors were characterized as B-cell lymphomas (Casey et al. 2011).
In addition, activation of SXR/PXR was shown to suppress tumori-
genicity in a colon cancer cell line (Ouyang et al. 2010) and in a
mouse model of colon cancer (Cheng et al. 2014). Conversely,
SXR/PXR activation was shown to promote colon cancer aggres-
siveness in both human colon cancer cell lines and in primary human
colon cancers xenografted into immunodeficient mice (Wang et al.
2011). Our results suggest that loss of SXR/PXR resulted in
increased susceptibility to tumorigenesis in the upper small intestine
in conjunction with exposure to PCB-153. Discrepancies between
studies could be due to differences in humans vs. mice or in the tis-
sue (colon vs. upper intestine) being investigated. The tumor-
bearing mice in our chronic exposure study also displayed elevated
erythropoiesis (Figure 7C,D). Splenic erythropoiesis was reportedly
associated with tumor development in mouse models, and it was
shown recently that erythroblasts of tumor-bearing mice can further
stimulate tumor progression (Han et al. 2018). Since only the tumor-
bearing, 10-month-old mice displayed erythropoiesis in our study,
we inferred that tumor formation in old, chronically exposed mice
may not have been induced by the erythropoiesis we observed in
young, perinatally exposed SXRKOmice. Many PCBs and/or their
metabolites were reported to be genotoxic, and this is widely
believed to be a primary mechanism through which PCB exposure
led to cancers (Al-Anati et al. 2015; Oakley et al. 1996; Sandal et al.
2008). Therefore, it is possible that the intestinal tumors observed in
PCB-153-exposed SXRKO mice arose due to elevated oxidative
stress and genotoxicity elicited by higher levels of 3-OH-PCB-153.

Surprisingly, PCB-153 exposure had no significant effects on
the liver transcriptomes of WT mice and only a small effect on the
liver transcriptomes of SXRKOmice (Table 2). The lack of induc-
tion of typical xenobiotic metabolizing enzymes could possibly be
the result of using a dose lower than the NOAEL of PCB-153,
which, for mice, is between 1 and 125 mg=kg BW/d, depending on
the biological end point (European Food Safety Authority 2005).
Other studies showed that doses of 3:6 mg=kg BW/d may be
required to observe gene expression differences in the mouse liver
(Mesnier et al. 2015). We observed gene expression differences,
accompanied by evidence of oxidative stress, symptoms resem-
bling hemolytic anemia, premature lethality, and tumor develop-
ment with exposure of SXRKO mice to a much lower dose of
PCB-153 than in other studies.We propose that the alteredmetabo-
lism profile of SXRKO mice led to the accumulation of the
hydroxylated metabolites of PCB-153, which then elicited these
toxic effects (Figure 8). Interestingly, WT mice showed a trend for
higher blood HGB levels at 4 wk of age with PCB-153 exposure
compared to the lower bloodHGBvalues in SXRKOmice exposed

to PCB-153 (Figure 2E), although this trend was not observed at
later ages (Figure S1A). We suspect that WT mice may have had a
compensatory effect to the PCB-153 exposure at early ages, result-
ing in higher HGB values. However, the RNA-seq and FACS anal-
yses of WT mice at this age revealed no differences between
DMSO- and PCB-153-exposed WT mice in terms of mRNA
expression of heme synthesis genes (Figure 3D; Figure S4) or per-
centage of erythroid precursors (Figure 2B,D).

Our results support the possibility that exposure to PCB-153
during sensitive developmental time periods can lead to hemolytic
anemia induced by elevated oxidative stress. Moreover, SXR loss
of function increased susceptibility to this effect of PCB-153 via
alterations in overall xenobiotic and glutathione metabolism, lead-
ing to impaired metabolism and/or clearance of toxic PCBmetabo-
lites. We observed lower BWs that coincided with lower blood
HGB levels in SXRKO mice perinatally exposed to PCB-153
(Figure 2F), and this was consistently seen with chronic exposure
up to 10 months of age (Figure S12D).We speculate that the lower
BW at 4 wk of age and premature death at 5 wk of age observed in
PCB-153-exposed SXRKO mice (Figure 1B) may be linked
directly to the anemia phenotype. Mice experience rapid growth
from birth up until 5–6wk of age, which requires increased produc-
tion of RBCs (Garcia 1957; Peters and Festing 1990).We infer that
anemia became fatal in some mice at 5 wk of age due to an unmet
need for RBCs and HGB. Exposure to PCBs in utero or during
early development was associated with lower birth weight, growth
rate, and adolescent BW, and these growth abnormalities have also
been associated with anemia (Guo et al. 1995; Jacobson et al.
1990a; Patandin et al. 1998). Therefore, our study revealed anemia
as a possible component of the mechanism underlying these
adverse effects of prenatal or perinatal PCB exposure. Anemia is a
highly underinvestigated outcome in PCB-exposed human cohorts
and in laboratory animal exposure studies. Only one study reported
an anemia phenotype in rats, and this used a high dose (50 mg=L or
14 lmol=kg=d) of PCB-105, a dioxin-like PCB, for 13wk of expo-
sure (Chu et al. 1998), more than 50-fold higher than the dose used
in our study. A chronic exposure study in rhesusmonkeys to a mix-
ture of PCBs led to anemia at a concentration of 200 lg=kg=d
(or 0:55 lmol=kg=d) for a period of 27 months or longer
(Tryphonas et al. 1986). To our knowledge, we are the first to
report anemia as an effect of low-dose perinatal PCB exposure.

We recognize that the results from this study may not apply
to all PCBs, or even all NDL-PCBs, because many studies have
shown congener-specific effects. However, we believe it is im-
portant to investigate PCB-153, since it is the most prevalent con-
gener found in the environment, human tissue, and in breast milk
(Faroon et al. 2003; Safe 1994). Many replacement chemicals,
such as PBBs and PBDEs, were synthesized following the PCB
ban. These chemicals have similar structures and properties to
PCBs, and many were demonstrated to induce Cyp gene expres-
sion (Pacyniak et al. 2007) and inflammation (Koike et al. 2014)
and to interact with SXR (Pacyniak et al. 2007). In addition,
hydroxylated metabolites of these chemicals have been demon-
strated to induce oxidative stress (An et al. 2011; Ji et al. 2011).
Whether SXR plays a key role in the protection against and/or
metabolism of these chemicals and their metabolites in vivo
remains to be investigated in the future.

There are currently 9,451 reported SNPs of human SXR on the
NCBI Single Nucleotide Polymorphism Database (dbSNP), many
of which can impact the expression of SXR itself and/or that of its
target genes (NCBI 2019; Zhang et al. 2008). Polymorphisms in
SXR have been linked to many functional consequences, including
altered metabolism (Lim et al. 2005), increased inflammation
(Dring et al. 2006), and susceptibility to disease (Dring et al. 2006;
Karlsen et al. 2006). Some xenobiotics and pharmaceutical drugs
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were shown to suppress SXR signaling (Krausova et al. 2011;
Smutny and Pavek 2014). Antagonists of SXR are actively being
developed to be used as pharmaceutical drugs (Staudinger 2019).
Our studies suggest that both genetic and chemical inhibition of
SXR might predispose humans to increased oxidative stress and
lead to more toxic effects from exposure to PCBs. We expect that
SXR is important for themetabolism and clearance of othermetabo-
lites of many PCB congeners. SXR is important for the metabolism
ofmany xenobiotics; thus, adverse effects of impaired SXR function
may not be exclusive to PCB exposure. SXR is likely to be protec-
tive against other drugs and xenobiotics with the potential to pro-
duce reactive metabolites. There is evidence that hydroxylated
metabolites of other xenobiotics, such as those of the antimalarial
agent primaquine, can induce oxidative stress and hemolytic anemia
(Bowman et al. 2004). Whether SXR also plays a role in the proper
metabolism of these xenobiotics and protection against their reac-
tive metabolites is yet to be investigated, but our results indicated
that caution is warranted before inhibiting SXR/PXR function as a
general method to promote increased efficacy of drugs that might
otherwise bemetabolized via an SXR/PXR-dependent process.
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